Air in indoor and outdoor environments typically contains many gaseous and particulate pollutants that may affect adversely any individual at sufficiently high concentrations and more sensitive individuals at lower concentrations. The public health relevance of addressing the effects of mixtures is becoming increasingly evident as we improve the concept of total personal exposure to pollution and obtain more data from personal monitoring. The papers within this volume represent the deliberations of a working group assembled with the goal of improving the epidemiologic approach to investigating the health effects of indoor air pollution and other complex mixtures. The group, composed of epidemiologists, human and animal toxicologists, and experts on biomarkers, comprehensively reviewed the methodologic issues involved in investigating complex mixtures. Members noted the deficiencies of current epidemiologic methodology for studying complex mixtures and called for broad-based advances in study design, exposure assessment, outcome assessment, and data analysis and interpretation. Understanding the health effects of complex mixtures will require multidisciplinary research using not only epidemiologic studies incorporating the new methods of exposure assessment but animal and clinical toxicology.
Introduction
The gaseous and particulate pollutants that are typically present in the air of indoor and outdoor environments may have an adverse effect upon any individual at sufficiently high concentrations and upon more sensitive individuals at lower concentrations. The complexity and components of the pollutant mixture may vary as human activities influence the sources, as meteorology alters the distribution and dilution of the pollutants, and as components of the mixture undergo chemical transformation (1) . For example, sources of indoor air pollution are diverse and include building occupants themselves and their activities, combustion, building materials and furnishings, biological agents, and entry of contaminated outdoor air and soil gas (2, 3) . The air of a home might contain nitrogen dioxide (NO2) from the unvented emissions of a gas stove or space heater, respirable particles from cigarette smoking, cooking, occupant activities, and outdoor air, formaldehyde from fumishings and plywood, tetrachloroethylene from recently dry-cleaned clothes, and allergens from a family cat. The contaminant levels would vary with occupant activities, such as cigarette smoking and cooking. For example, concentrations of environmental tobacco smoke components would be greatest during the smoking of cigarettes and the characteristics of the environmental tobacco smoke would change as the mixture aged (4, 5) . The potential health effects of indoor air pollution are equally diverse, spanning from short-term annoyance and discomfort to permanent disability, cancer, and even death.
Similarly, pollutants in outdoor air are present in complex mixtures, although strategies for regulation and source control have tended to focus on single pollutants; adverse effects of concem span from short-term toxicity to chronic diseases reflecting long-term exposure. These mixtures of primary and secondary pollutants vary from urban to rural settings and across microenvironments.
Although the complex nature of air pollution is recognized, most epidemiologic studies of air pollution and health have focused on the effects of single pollutants or, at most, two specific pollutants such as total suspended particles and sulfur dioxide or on a single outcome measure in relation to several exposures such as respiratory symptoms in children, NO2, and environmental tobacco smoke (67). Some The public health relevance of addressing the effects of mixtures is becoming increasingly evident as we refine the concept of total personal exposure to pollution and obtain more data from personal monitoring (1) . Recognition of the complexity of pollutant mixtures in indoor and outdoor air has led to concern that synergism among the components of mixtures may produce adverse effects, even though effects would not be anticipated from the concentrations of individual components. For (8) . Subsequently, the data were used to test hypotheses concerning indoor air pollution and additional outdoor pollutants (9, 10) . In a prospective cohort study in New Mexico of indoor nitrogen dioxide exposure and respiratory infections in infants, restriction has been used to remove the potential confounding or modifying effects of environmental tobacco smoke (11) . By design, all subjects reside in homes having no adults who smoke.
In some investigations, data have been collected on indicators of exposures to multiple pollutants. Most Y=f(a + blxl + b2x2 + b3xlx2), [1] where xl and x2 represent the two pollutants, b1 and b2 describe their independent effects, and the coefficent b3describes their joint effect Such their assigned areas, identifying barriers to research on complex mixtures, and proposing new research to reduce these barriers. Each member reviewed the status of his or her assigned area in a draft document that was circulated within the group. Subsequent discussion led to revision of these drafts, and the deliberations of the working group produced the overall recommendations of the participants.
The papers authored by the participants accompany this overview; they provide reviews and perspectives on various facets of the epidemiologic investigation of complex mixtures in inhaled air. Some of the authors provide useful research recommendations extending beyond those formally made by the whole group.
General epidemiologic concepts relevant to investigating complex mixtures are considered by Weiss (14 ) . Weiss 
General Considerations
For the purpose of the these proceedings, complex mixtures were considered to contain at least two pollutants potentially associated with the health effect of interest. While a mixture of only two pollutants might not be labeled as complex in other contexts, the methodologic issues raised in studying the joint effects of two pollutants merit this designation from the epidemiologist's perspective. Working group participants also acknowledged that some pollutants that might be treated as a single agent in an epidemiologic study are complex mixtures themselves, such as environmental tobacco smoke and diesel exhaust.
Working group members noted that many of the methodologic issues faced in conducting studies of complex mixtures in inhaled air were equally challenging in studying single pollutants and, in fact, were inherent throughout environmental epidemiology. The group suggested that concepts and methodology already available needed to be applied more generally in studying indoor air and other complex mixtures. Laxity in applying these concepts and methods potentially extends from the initial step of hypothesis formulation to the final step of data interpretation. In regard to complex mixtures, hypotheses need to be specified with a level of clarity that is often lacking. The effect measure of interest should be determined, and the anticipated pattern of joint effects should be described, both in terms of direction (synergism or antagonism) on the measurement scale selected and in terms of quantitative magnitude. Such specification of the hypothesis of interest is needed to guide study design and sample size estimation. If this level of specification is not met, the resulting vague hypotheses concerning interaction, synergism, or antagonism cannot be tested rigorously.
The conceptual framework for considering joint effects of two or more agents has been the subject of numerous publications in the epidemiologic literature. A consensus has been achieved for using departure from the additive scale as indicating interaction of public health significance (12, 13) . The pitfalls associated with using models that implicitly make assumptions concerning the underlying form of biologic interaction also have been well described. Working group members supported the development of biologically based analytic strategies, while recognizing that the needed understanding of pathogenetic mechanisms was lacking for many pollutants. The recommendation of the participants for interdisciplinary approaches to complex mixtures was prompted, in part, by the need for experimental data to support biologically driven data analysis.
Errors in estimating exposures and in assessing outcomes also limit epidemiologic studies of complex mixtures. The consequences of measurement error and strategies for adjusting effect measures for error have been considered extensively in recent publications. Techniques for staged sampling of exposures, moving from less intensive and cosdy to more valid and more cosdy, have been described (1) . This emerging literature also needs specific extension to inhaled complex mixtures.
Speific ples
To illustrate problems encountered in investigating complex mixtures, the working group considered approaches for four scenarios of exposure to complex mixtures of current concern: the combined effect of exposure to environmental tobacco smoke and nitrogen dioxide on respiratory infection in infants, the combined effect of indoor radon and environmental tobacco smoke on lung cancer in never-smokers, the combined effect of ozone and acid aerosols on respiratory morbidity, and the consequences of exposure to multiple volatile organic compounds indoors.
The first example addressed by the group was the combined effect of nitrogen dioxide and environmental tobacco smoke (Table 1) . Environmental tobacco smoke has been associated with increased lower respiratory infections during the first two years of life; nitrogen dioxide exposure is a suspect cause of respiratory infection as well, although the evidence presently is less consistent. Both agents may act by reducing the efficacy of host defenses against infectious organisms. Thus, because the two agents may share the same step in a causal pathway, the additive scale was considered biologically appropriate for assessing the combined effect.
The case-control design was eliminated because all children have multiple episodes of illness and selection of controls would therefore be problematic. The proposed cohort design incorporates staged determination with sampling for both outcome and exposure. The resulting data would make possible the estimation of the degree of error and permit correction for error in the data analysis. The proposed analytic strategy would test for departure from additivity and then employ modeling to describe the pattern of joint effect across the range of the two exposures.
The second example was the combined effect of radon and environmental tobacco smoke. Radon, an occupational carcinogen, is found in the air of all homes, reaching concentrations as high in some homes as that found in underground mines. Exposure to environmental tobacco smoke also is a cause of lung cancer in never-smokers. Investigation of the combined effects of the two exposures might be motivated by the large numbers of persons exposed to both agents in their homes. Biologic rationale for investigating the joint effect can be found in the altered dosimetry of radon progeny in the presence of environmental tobacco smoke and the potential actions of the two agents at different points in a multistage carcinogenic process.
A case-control study was considered the only feasible approach. Three distinct design objectives were identified that might guide study design: testing the hypothesis that the combined effect is the same as observed in underground miners who smoked, comparing the additive with the multiplicative models, and obtaining sufficient data to describe the combined effect with specified precision. Exposure assessment would be accomplished by placing radon detectors in living areas in the present residence and, where possible, in previous residences, and using a questionnaire to dassify exposure to environmental tobacco smoke. The cases would include persons with histologically diagnosed lung cancer; to potentially improve specificity, histologic type of lung cancer would be determined.
The analysis potentially would be limited by measurement error and missing data for radon exposure and misclassification of environmental tobacco smoke exposure. Misclassification also would likely affect the diagnosis of lung cancer. In this example, sampling strategies that apply more in-depth measurement approaches for samples would not be possible. Thus, the analysis would explore the sensitivity of the findings to varying degrees of error.
In the third example, a substantial proportion of the population is exposed to 
